Introduction
Highly elaborate and conspicuous ornamental traits are often used for signalling by animals, for example, to attract mates or deter rivals. Such traits are frequently highly variable within species [1] . High variability is important because these differences between individuals may convey information about the quality of the signallers. At the same time, however, signalling traits are generally under strong directional selection which should lead to the erosion of underlying genetic variation, reduced phenotypic variability and thus limited use as signals [2, 3] . Variability in sexually selected and signalling traits, and how it is maintained, are thus contentious issues [4, 5] . Variability may be maintained by temporally or spatially variable patterns of selection [6] or frequency-dependent selection, for example, if variation is used to signal individual identity [7] . However, the best supported and most general hypothesis suggests that signalling traits have high levels of variability because their expression is contingent on the condition of the individual: genetic variation that underlies variation in condition is unlikely to be depleted as it probably depends on multiple and pleotropic loci dispersed throughout the genome [5] .
Several empirical studies have found considerable support for heightened variability of signalling traits, showing that signalling traits are more variable than similar non-signalling traits within the same species [8] [9] [10] [11] [12] [13] . However, not all signalling or sexually selected traits show high or heightened variability. For example, calls in frogs and insects that are under strong selection through female choice are less variable [14] , while tail ornaments of polygynous species & 2017 The Author(s) Published by the Royal Society. All rights reserved.
can be less variable than those of monogamous ones [15] , consistent with the idea that genetic variation can be depleted under strong directional selection. Hence whether signalling traits should show higher levels of variability may depend on the type of trait studied. Moreover, most studies have done rather broad comparisons, for example, putative sexual signals versus putative naturally selected traits [16] , or comparing male and female traits [17] . Most of the studies that have confirmed the higher variability of ornamental or sexually selected traits have been based on metric traits, in particular, tail length in birds [8, 9, 13, 15, 17, 18] . Testing for the generality and applicability of these patterns requires broadening the scope, including greater diversity of types of traits studied in larger numbers of species. The existence of considerable differences in how intraspecific variability levels are distributed across traits and species suggest that we have only a rudimentary understanding of the drivers of intraspecific variation. Understanding the causes of intraspecific levels of variation is a central question today as it has become clear that this variation underpins the ability of populations to adapt to change [19, 20] or to diverge and diversify [21] . Here we take advantage of recent methodological advances to determine the main potential correlates of intraspecific variability for one of the most widespread communication types, animal coloration.
Animal colours are often used to communicate between individuals. Such visual signals are generally exaggerated, conspicuous, convey information on the quality of the signaller [22] , and therefore, should also be highly variable. Measuring variability in coloration is, however, challenging as variability does not scale with the mean and hence coefficients of variation cannot be used [7] . This complicates comparing variability across very different colours (e.g. blue versus red). Recently, this problem was overcome by quantifying colour variation using psychophysical models of avian colour vision [23] that allow us to assess variation closer to the sensory world of the intended receivers. Using this approach, Delhey & Peters [10] compared plumage colour variability for six species of European songbirds and concluded that colours which have been shown to be sexually selected or were correlated with individual quality were more variable than other colours within the same species. While these results suggest higher variability in a handful of ornamental colours, the generality of this pattern requires comprehensive comparative studies. Here we take advantage of newly developed meta-analytical methods to study variation [24] to assess the correlates of intraspecific variation in plumage coloration in a sample of more than 100 male plumage colours across 55 species of Australian passerines and parrots. Specifically, we test the prediction that those colours that are likely to fulfil a signalling function, namely: (i) more elaborate colours and (ii) more condition-dependent colours, will show higher levels of variability than other colours. We quantify the degree of elaboration using two proxies: the level of conspicuousness against natural backgrounds and the level of sexual dichromatism [25] . We infer the level of condition dependence of each plumage colour based on the mechanism of colour production responsible for it.
Plumage colours can be produced by different mechanisms: the deposition of pigments, the microstructure of the feather or a combination thereof. The most common bird colours are those based on the deposition of melanin or carotenoid pigments (melanin-and carotenoid-based colours) [26] [27] [28] . Carotenoid-based colours (which largely vary from red to yellow) are often assumed to be highly conditiondependent as carotenoids are plant pigments that cannot be produced by the birds, but need to be ingested with the food [27, 29] . Moreover, carotenoids fulfil other important functions in the body, such as free-radical scavenging and immunostimulation, which may trade off against deposition in the plumage [27] and they can play key roles in cellular processes such as vitamin A metabolism [30] . Melanins, on the other hand, which produce a range of more subdued hues from black to grey and brown to rufous, are endogenously produced and their levels of condition dependence have been assumed to be lower [26, 29] . This generalization might not be entirely appropriate as recent studies suggest that the expression of melanin-based colours can correlate with aspects of individual quality [31, 32] . Also endogenously produced are psittacofulvins, pigments exclusive to parrots and cockatoos that, like carotenoids, produce red to yellow hues [28, 33] . Given their endogenous nature psittacofulvin-based colours are assumed to be less condition-dependent [26, 29] , but detailed studies are lacking (but see [34] ). Finally, structural colours are produced by the physical interaction between light and the microstructure of the feather. While it has been argued that the production of a regular and ordered microstructure may entail costs [35] , these have not been universally demonstrated [36] : some studies support this idea [37] and others do not [38] . The diversity of mechanisms of colour production thus provides an opportunity to evaluate how intraspecific variability in colours is distributed across them and whether the predicted links with condition dependence are found. Based on current understanding, we predict that if condition dependence is an important component of colour variation, carotenoid-based colours should have highest and melanin-based colours the lowest levels of variation.
Material and methods (a) Study species
To obtain a representative sample of bird colours, we chose Australian passerines (order Passeriformes), and parrots and cockatoos (order Psittaciformes) because these speciose radiations within Australia cover the vast majority of colours and include all major mechanisms of colour production [28] . To select the subset of study species, all species were first randomly ranked (based on [28] ). We then selected species in order from this list, provided that at least 20 adult males of the same species and subspecies were listed as available in the online databases of the ornithological collections of the Melbourne Museum and the Australian National Wildlife Collection in Canberra. For all species (n ¼ 55), we selected male specimens from the same subspecies to minimize the effects of geographical variation [20] . Some colourproducing mechanisms are more common than others (melanins are, by far, the most common colour-producing mechanism; [28] ). Thus, to get appropriate representation of mechanisms in the sample, extra species with structural and carotenoid-based colours had to be selected by skipping higher ranked species without these colours. For each species, we measured up to three (average ¼ 1.89, mode ¼ 2) different plumage patches produced by different mechanisms of colour production.
Mechanisms of colour production were identified based on the shape of reflectance spectra as described in [28] and classified as: structural, melanin-based, carotenoid-based, psittacofulvin-based and those based on the deposition of yellow psittacofulvins on blue structural plumage (psittacofulvin þ structures, parrot green). We measured 19 carotenoid-based rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162593 colours, 43 melanin-based colours, 20 structural colours, 14 psittacofulvin-based colours and eight colour patches caused by psittacofulvins and structures. Reflectance spectra for each colour patch can be found in the electronic supplementary material, figures S1-S5. A full description of the spectral characteristics used to identify these mechanisms and an assessment of it can be found in [28] .
For some of the selected species not all specimens listed online were suitable for measuring ( juveniles, damaged plumage, moulting, etc.) and this reduced the sample size in some cases. On average, we measured 20 specimens per species (s.e. ¼ 0.53, range ¼ 6-54). In total, we measured 104 plumage patches for 2079 specimens belonging to 37 species of passerines and 18 species of parrots and cockatoos. A full list of species and plumage patches measured can be found in the electronic supplementary material table S1.
(b) Reflectance spectrometry and visual models Plumage reflectance was measured using an AvaSpec 2048 spectrometer connected to a Xenon flash (Avalight-Xe; Avantes, Eerbek, The Netherlands) light source using a bifurcated fibreoptic cable fitted at the end with a cylindrical probe to standardize measuring distance and exclude ambient light. The probe was held perpendicular to the feather's surface and we collected five reflectance spectra per plumage patch per specimen. Reflectance spectra between 300 and 700 nm (the visual sensitivity range of birds, [39] ) were calculated relative to a WS-2 white standard using the program AVASOFT 7.5.3 (Avantes) and exported into spreadsheets. Reflectance spectra for each plumage patch are depicted in the electronic supplementary material, figures S1-S5.
To compute intraspecific variability, contrast against natural backgrounds, and sexual dichromatism we used psychophysical models of avian colour vision [23] with the formulae of Cassey et al. [40] as implemented in [41] . We acknowledge that there are other valid approaches, for example, one could measure variation directly using normalized reflectance spectra, quantifying variation in spectral shape [25] . We chose visual modelling because it provides a robust approach to model colour variation closer to the visual world of the intended receivers (conspecifics), it has been used before for this purpose [10] and allows comparing variation between highly different types of colours in the same currency [42] . Visual models require knowledge on the visual sensitivity functions of the four types of cones used by birds in colour vision, the noise-to-signal ratios of these cones and the spectrum of illuminating light.
Colour vision in birds is mediated by four types of single cones sensitive to very short (VS), short (S), medium (M) and long (L) wavelengths of light [23] . Variation in visual sensitivity between species is mainly restricted to the VS and S cones and birds can be generally classified in two groups: ultraviolet-sensitive (U-type) and violet-sensitive (V-type) species. While both types have some sensitivity to ultraviolet (UV) light, U-type species have VS cones with peak sensitivity shifted towards shorter wavelengths [43] . In our sample, both types of visual sensitivity functions are represented [44] and we model both to see whether it affects our results. Visual sensitivity functions for U-and V-type species were obtained from the study of Endler & Mielke [45] .
The noise-to-signal ratio of each cone type is assumed to be a function of their relative abundance in the retina. In general, birds have more S cones than VS, more M cones than S cones and similar numbers of M and L cones [46] and these proportions do not differ consistently between U-and V-type species [46] . We used average cone proportions as obtained from the study of Hart [46] Note that this is a necessary simplification and that between species variation exists in the abundance of the different cone types in the retina as measured by microscopy [46] and gene expression patterns [48] . Such variation can introduce noise [49] , but its relevance is hard to assess as for most (87%) species included this data is not available. Finally, we used the spectrum of standard daylight (d65, [23] ) as illuminant.
Visual models yield a set of quantum catches in four cones (how much each cone type is stimulated by a specific combination of reflectance spectrum and irradiance) that can be transformed into three coordinates which define the position of each spectrum in the visual space of birds (figure 1). This visual space takes the shape of a tetrahedron where each apex represents the sole stimulation of one cone type [45] . Using the formulae in [40] , distances between points in visual space are measured in just notable differences (JND), whereby distances . 1 JND are considered to be discriminable by birds.
Chromatic variability for each plumage colour was computed as the average natural logarithm of the distance to the centroid of that plumage patch (the joint XYZ average, figure 1) [10] . More variable colours have higher average distances to the centroid (figure 1). We took the natural logarithm of the distances to reduce heterogeneity of variance in the statistical analysis. We also computed the standard error (s.e.) of variability to incorporate in the analysis as sampling error [24] . Contrast against natural backgrounds was computed as the Figure 1 . Graphic representation of the methods used to compute chromatic variability in the avian visual space using colour variation of the yellow rump (yellow spheres) and olive back (grey spheres) plumage of the yellow-rumped thornbill (Acanthiza chrysorrhoa) as an example. Chromatic variability was computed as the (log e transformed) average distance (red lines) to the patch-specific centroid (red symbols inside each cloud of points). Note how the dispersion around the centroid is larger for the rump than for the back, indicative of the higher chromatic variability of the former. The large green and brown spheres represent the location of green (green leaves) and brown (bark, leaf litter, soil) natural background colours in avian visual space. The distance from the centroid of each plumage patch to these natural backgrounds represents the average conspicuousness of each plumage patch. In this case, the olive back, by being closer to the natural backgrounds, is less conspicuous than the yellow rump. In this representation, the x-axis represents stimulation of the VS cone relative to the S cone, higher values of the y-axis represents higher stimulation of the M cone relative to VS and S cones, while the z-axis represents higher relative stimulation of the L cone compared with the other three. Bird image reproduced with permission from Gregory [50] . (Retrieved from http://www.hbw.com/node/59838 on 16 September 2016.) rspb
and green backgrounds (typical of green leaves). Contrast against brown and green backgrounds are strongly correlated (Pearsons's r ¼ 0.918, t 104 ¼ 23.63, p , 0.001) and hence we computed the average contrast against these two natural backgrounds. Finally, sexual dichromatism for each plumage patch was computed as the chromatic distance between male and female centroids for that patch. For this, we used the data from the study of Delhey & Peters [51] as here we only measured male colours. We used patch-specific sexual dichromatism values rather than speciesspecific ones [51] because we are interested in explaining variability for different colours and in most species we measured more than one type of colour/plumage patch.
(c) Statistical analysis
We used a newly developed meta-analytical approach to the study of variation [24] , which accounts for sampling error, multiple measurements per species and phylogenetic relatedness, implemented using the R package MCMCglmm [52, 53] . The dependent variable was always chromatic variability (average log e -transformed distances to the centroid as indicated above) and independent variables were: contrast against the background, sexual dichromatism and the mechanism of colour production as a factor. We also included in all models estimates of spatial and temporal variability of each sample as it can be expected that samples which span a larger geographical area or a longer time frame may be more variable. Spatial and temporal variability were computed in the same way as colour variability, as the average distance between each sample and the geographical or temporal centroid, based on geographical coordinates or year of collection, respectively. All covariates were scaled by subtracting the mean and dividing by the standard deviation.
Random factors in the model included phylogenetic relatedness (as the inverse of the phylogenetic covariance matrix, [52] ) and species identity, the latter because in some species more than one plumage patch was measured. Phylogenetic uncertainty was accounted for by sampling over a sample of a posterior distribution of phylogenetic trees from the study of Jetz et al. [54] following the approach outlined in [55] . For each tree, we ran the model over 1000 iterations saving the last MCMC sample. Latent variable values and variance components from this last iteration were used as a starting point for the next tree. This process was done over 1300 trees, whereby results from the first 300 trees were discarded as burn-in, resulting in a posterior sample of 1000 for each model. Sampling error variances (squared s.e. of each variability estimate) and covariances (between different plumage patches within a species) were also accounted for with a sampling error covariance matrix, where the diagonal represents sampling error variances and off-diagonal elements the error covariances between plumage patches within the same species. We used inverse gamma priors for the residuals and random effects and normal distributions centred on zero with large variances as fixed effects priors. Model convergence was assessed using trace graphs and autocorrelation plots. For each model, we computed marginal (fixed effects) and conditional (fixed þ random effects) R 2 values [56] . Different models were compared using the deviance information criterion (DIC) the MCMCglmm equivalent of the Akaike information criterion.
Results
We report results for variability as computed using U-type visual sensitivity functions, results using V-type functions are very similar and are reported in the electronic supplementary material, tables S2-S7. First, we tested the separate effects of each of explanatory variable of interest, mechanisms of colour production, sexual dichromatism and contrast against natural backgrounds (but always including the covariates spatial and temporal variation to account for them, although they never showed significant effects, table 1). All three variables explained sizeable amounts of variability on their own (table 1) . Across mechanisms of colour production, melaninbased colours showed the lowest levels of variability being significantly lower than any of the other mechanisms (table 1, figure 2a) , while both sexual dichromatism and contrast against the background correlated positively with colour variability (table 1, figure 2a,b) . Based on DIC values the model with contrast against the background was the best of the three models with single focal explanatory variables (table 1).
Given that all three variables correlated with colour variability, we tested which combination of them provided the best explanatory model (table 1 ). The best model, based on comparing values of DIC, was the model that included mechanisms of colour production and contrast against the background (table 1). The fixed effects in this model explained 86% of the variation in variability. While the effect of contrast against the background was highly significant, the effect of mechanisms of colour production was marginally non-significant (table 1). The full model including all three explanatory variables explained a similar amount of variation but had higher DIC owing to the extra parameter (table 1). In this model, contrast against the background had again a highly significant effect while the effect of mechanisms of colour production was marginally non-significant and that of sexual dichromatism nonsignificant. Partitioning the unique and common effects of each focal predictor on the response variable using commonality analyses ( [57] ; electronic supplementary material, table S8) confirms that contrast against the background has the strongest effects on chromatic variability. On the other hand, the unique effects of mechanisms of colour production and sexual dichromatism were negligible, and their only sizeable contributions were through their common effects with contrast (electronic supplementary material, table S8).
Discussion
Intraspecific levels of chromatic variability were best explained by variation in conspicuousness (estimated here as contrast against natural backgrounds): more conspicuous colours displayed higher variability. Although both mechanisms of colour production and sexual dichromatism were correlated with colour variability on their own (figure 2), after statistically controlling for contrast against the background their effects became weaker and non-significant (table 1) , and the commonality analysis confirmed their negligible independent contributions (electronic supplementary material, table S8).
(a) Condition dependence
The best supported conceptual framework for the evolutionary maintenance of variability in elaborate traits under direction selection is heightened condition dependence [5] . Our observation that variability was in general lower for melaninbased colours than for colours produced by other mechanisms of colour production (figure 2a) appears to support this hypothesis, as melanin-based colours have been linked to rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162593 Table 1 lower levels of condition dependence [29] . However, the effect of mechanisms of colour production was not particularly strong. Furthermore, mechanisms of colour production also differ in their conspicuousness (melanin-based colours in particular being less conspicuous, figure 2b). After accounting for this, the effect of mechanisms of colour production disappears and clearly the strongest predictor of variability was contrast against the background, that is, their level of conspicuousness.
Hence, our data do not support the hypothesis that melaninbased colours are necessarily less variable owing to their lower hypothesized levels of condition-dependent expression.
A similarly strong correlation with signal variability exists for duration of vocalizations of anurans and insects [58] . Long calls, simply owing to their duration, can be affected by more variables, leading to higher variability [58] . Following this argument, one possibility could be that sensitivity to developmental disturbances during colour production increases with colour conspicuousness. The most conspicuous colours are the most extreme expressions of that colour type, for each mechanism of colour production [59] more conspicuous colours are more saturated colours, which require higher concentrations of pigments or more regular or elaborate feather microstructure [26, 27, 36] . Assuming that these take greater investment of time or resources, such an interpretation would be consistent with the hypothesized link between condition dependence and variability [5] , and heightened condition dependence of signalling traits [59, 60] . A major caveat here is that we currently do not know how costs scale with intraspecific variation in colour elaboration. It is plausible (and highly likely) that a similar increase in conspicuousness across different mechanisms of colour production could entail widely different increases in costs.
(b) Psychophysical constraints
Our data show that two of the most important attributes of signal efficacy [61] , detectability (conspicuousness) and discriminability (variability) are strongly linked across plumage colours. Possibly, only colours that maintain high levels of variability can become successful, elaborate signals and receivers may only pay attention to those signals with enough variation to be informative [62] . The need for high levels of variability might be further exacerbated by psychophysical constraints that become more marked as trait elaboration increases. Such constraints may have strong consequences on signal elaboration and variability [63] . To be discriminable, differences between individuals need to be larger for more elaborate traits. This is because discrimination is based on proportional rather than absolute differences, a phenomenon known as Weber-Fechner's Law [64] . For example, the fact that birds with longer tails have also more variable tail lengths has been interpreted as being consistent with Weber-Fechner's Law [13] , as the same size difference would be harder to discriminate between individuals in species with long, compared with species with short tails. Weber-Fechner's Law, however, cannot account for our results as discriminability thresholds between colours are already based on proportional differences (i.e. visual models take this law into account, [23] ). However, there are other psychophysical constraints related to detection thresholds that could be at play. The consistent increase in variability with conspicuousness could be explained by the fact that chromatic discrimination thresholds increase for those colours that are very different from the backgrounds to which vision is adapted [65, 66] . Previously only known from humans, this effect has been recently confirmed [66] in zebra finches (Taeniopygia guttata), where colour discrimination was considerably poorer when colours had to be discriminated against highly different (contrasting) backgrounds. This is exactly the case with conspicuous colours, which are very different from natural backgrounds that fill most of the field of vision, and to which animal eyes are most likely adapted. As a result of this psychophysical constraint, only colours with a certain degree of variability can convey information for a given level of conspicuousness. More elaborate, conspicuous colours need to be more different to be discriminable, and hence require higher intraspecific variability. This then raises the question whether the observed increase in variability with conspicuousness would be enough to counter the higher discrimination thresholds encountered among conspicuous colours or whether, in some cases, there might not be enough discriminable variation to assess differences in coloration (as shown for acoustic traits [67] ). If this were the case, if the increase in variability is at least in part a compensation for more difficult discrimination, this would imply that realized levels of discriminable variation increase less strongly and less steeply across the range of plumage colours than depicted in figure 2. The potential of such psychophysical constraints to affect discriminable variation of colours can only be confirmed with extensive behavioural data.
Conclusion
We have found an exceptionally strong correlation between intraspecific levels of chromatic variability and plumage colour conspicuousness. We suggest two alternative, but not mutually exclusive, explanations: (i) that more conspicuous, elaborate, colours are more sensitive to availability of resources or disturbances during development or more costly to maintain than less conspicuous ones, leading to higher levels of intraspecific variation; and (ii) that high intraspecific variation in more conspicuous colours may be owing to perceptual discrimination constraints that apply to colours which are very different from natural backgrounds. These ideas make clear predictions that can be tested by suitable experiments. For the first, conditions during moult should be experimentally manipulated and the effects of this manipulation assessed on colours with different levels of conspicuousness, ideally across colours produced by the same and different mechanisms of colour production [59, 60] . The second hypothesis, that behavioural discrimination abilities decrease with colour conspicuousness, could be tested with behavioural discrimination experiments that compare actual discrimination abilities of conspicuous versus cryptic colours in a set of different species [66] . Note that while these explanations have been developed mainly with conspecific receivers in mind they could also apply to heterospecifics. For example, if colours are used as pursuit-deterrents in predator-prey communication [68] high variability linked to differences in quality may enable high quality, unprofitable prey to signal this to predators. Levels of discriminability between individuals would be expected to be higher for conspicuous colours given their potential to increase the risk of predation. The fact that we find similar effects if we model variability using the V-type visual system (electronic supplementary material, tables S2-S7)-typical of birds of prey, the most sophisticated visual predators of birds-suggests that this option is plausible.
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